The lower part of the Tawil Formation is generally characterized by shallow marine sediment succeeded by fluvial to continental clastics (Sharland et al., 2001) .
The boundary between the underlying Sharawra and the Tawil Formations is characterized by an unconformity pertaining to the Ludlow Stage of the Late Silurian. The Silurian-Devonian clastic succession gently dips westward; the base is defined at the pre-Tawil Unconformity (PTU) and the top by the base of the overlying Shaiba Member (Figure 2 ) (e.g., Wender et al., 1998; Al-Ramadan et al., 2004) . Three depositional cycles for the Silurian-Devonian succession have been defined by Laboun (2010) : the pre-Acadian (Qusaiba and Sharawra Formations), the syn-Acadian (Tawil Formation) and the post-Acadian (Jauf Formation). According to Laboun (2010) , the PTU defines the boundary between Tawil Formation and underlying units (Silurian to Late Ordovician, Sharawra, Qusaiba, and Sarah Formations), and is associated with the Acadian tectonic movement.
The Tawil Formation is considered by Wender et al. (1998) and Al-Ramadan et al. (2004) to be dominated by sandstones and shales deposited within fluvial to marginal marine environment. According to Al-Hajri et al. (1999) , the Jauf Formation is deposited over a broad shelf and channel sandstones, while Rahmani et al. (2002) suggested orbitally-forced coastal plain/deltaic environment of deposition.
Biostratigraphic analysis of the Tawil Formation in the subsurface has been based mainly on palynology (e.g., Stump et al., 1995; Al-Hajri and Paris, 1998; Al-Hajri et al., 1999; Dossary et al., 2017) , but it is unfortunate that some of the Tawil section was barren in the study wells, been elaborated for the lower part of Well-15-252, as well as for Well-608-465. The laboratory calculated GR is labeled in this study as Synthetic GR. It is calculated using the following formulas of Serra et al. (1980) and Ellis (1987) :
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Synthetic GR = 4 * Th ppm + 8 * U ppm + 16 * K% (1)
Chemostratigraphic analysis and interpretation
Establishment of a relationship between elements and minerals
This is required to provide a framework for the chemostratigraphic analysis as sediments are defined by their composition and mineralogical content. Various controlling factors can influence the geochemical nature of a sandstone's composition and mineralogy, including provenance source composition, chemical weathering intensity, hydraulic action, diagenesis, etc. (McLennan, 1989; Fralick and Kronberg, 1997) . Owing to the absence of detailed petrographic and XRD data, the geochemical data could not be directly compared with the sandstone mineralogy to establish these elemental affinities. It is possible to establish the element-mineral linkages by using statistical tools such as principal components analysis (PCA) and graphical techniques such as binary diagrams.
Statistical analysis and techniques
Aims and scope of the statistical techniques
Elements plotting together on the same field of data on an eigenvector (EV) could represent the potential of similar mineralogical affinities (Pearce et al., 2005; Svendsen et al., 2007; Ellwood et al., 2008; Ratcliffe et al., 2010; Sano et al., 2013; Soua, 2016) . The principal component score of the elements on these eigenvectors indicate the relationship between the plotted elements and mineralogy.
In addition, discriminate function analysis (DFA) was possible by using UNISTAT software. DFA is a statistical method and used in this study to assess the levels of confidence associated with each defined chemozone. Generally, values exceeding 70% are acceptable.
Eigenvectors and principal components
In the absence of mineralogical data, PCA was used to establish element:mineral links. Many studies, based on comparison between geochemical and mineralogical data (Pearce et al., 1999 (Pearce et al., , 2005 Mange and Morton 2007; Ratcliffe et al., 2010; Soua, 2016) , have shown this to be a reliable methodology.
Principal components (PC) (Shaw, 2003) distills the number of variables into a smaller number of components. These PC values are derived from EVs, which provide a direction and magnitude to each element. These EV plots allow element groupings, using EV1 vs. EV2 and EV2 vs. EV3, from which element:mineral affinities can be determined (Pearce et al., 2005; Svendsen et al., 2007; Ellwood et al., 2008; Soua, 2016) .
EV1 and EV2 produce 86% of the total variation in the sandstone elemental concentration. Figure 3 and Table 1 summarize the PCA-derived EV plots for the sandstone elemental concentrations. It is inferred that elements grouping in the same data field are linked to the same group of minerals. Figure 3 shows that the elements form six common group associations depicted through the eigenvector analysis when the EV1 and EV2 values are plotted: I. Group 1: Includes Al, Ga, Be, K, Rb, Cs, Cr, and Sr. These elements are associated with clay minerals, micas, and K-feldspars, although Cr is likely to be concentrated in heavy minerals but could be found in the clay, silt, and fine sand fractions. 
II. Group 2:
Includes Na, which is likely to have mineralogical affinities with plagioclase, although it can also occur in halite and smectite.
III. Group 3: Includes all rare earth elements (light rare earth elements (LREE), middle rare earth elements (MREE), heavy rare earth elements (HREE)), along with U and Y. These elements are mainly concentrated in different suits of heavy minerals. According to Green and Pearson (1983) MREE and HREE are associated with titanite. In general, titaniferous heavy minerals contain Nb, Ti, and/ or Ta (Schock, 1979) . In this study, HREE and MREE do not plot in the same field as Ti and Nb, which suggests that they are not concentrated in titaniferous heavy minerals. The elements are found in high quantities in heavy minerals. Table 1 summarizes the EV1 vs. EV2 cross-plot and its related groups of elements.
IV. Group 4: Includes Th, Ti, Nb, Ta, Zr, and Hf, which are linked with a variety of heavy minerals and share various mineralogical affinities (Morton and Hallsworth, 1994; Armstrong et al., 2005; Pearce et al., 2005) . According to Fujimaki (1986) and Armstrong et al. (2005) , Zr and Hf are mainly concentrated within zircon.
V. Group 5: Si. This element is considered to be associated with quartz although it is an important contributor in clay minerals.
VI. Group 6: Ca and Mg. Both elements are associated with carbonate minerals, such as calcite, dolomite, ankerite, and siderite. The element Mg could also be associated with ferro-magnesian minerals. The binary diagram (Figures 4a-4e) showed that a restricted relationship is present (R 2 = 0.6), which means that Ca is likely to be associated with calcite and Mg probably has multiple affinities including dolomite and some clay minerals such as chlorite. Figure 3a shows that carbonate minerals (Group 6, Ca and Mg), clay minerals, mica and feldspars content (Group 1) mostly plot in the same field with high values of EV2. Eigenvector EV2 is affected by the variation of heavy minerals. This variation includes zircon, which plots with higher EV3 values, is indicative of decreasing grain size, since the Si (quartz) plots on the opposite side axis. The PC1 vs. PC2 binary diagram is also affected by carbonate, clay minerals, and heavy minerals including zircon.
The EV2 and EV3 plot shows associations of the aforementioned six groups (Figures 3a and 3b ). Figure 3b shows that the EV2 axis is influenced by three parameters including carbonate, clay minerals, and heavy minerals (Groups 3 and 4). The influences of carbonate, clay minerals, and heavy minerals including zircon are noted on the PC2 vs. PC3 binary diagram.
Elemental cross-plots
PCA analysis can be skewed by the presence of anomalously high or low values of a specific element measured from a low number of samples, which may result in erroneous interpretations. Binary diagrams are therefore used to confirm or approximate the element:mineral linkages. If a strong correlation coefficient exists between two elements (R 2 ) the confidence is increased that it is a similar association (Pearce et al., 1999; Pearce et al., 2005; Ratcliffe et al., 2006; Soua, 2016) . These diagrams are displayed in Figures 4a-4e.
The Al vs. Si crossplot ( Figure 4a ) shows a negative correlation coefficient between these two elements, reflecting the association of Si with quartz and Al with clay minerals. It is noted that a minority of sandstones and mudrocks plot with relatively low values of both elements, without forming a trend, which could be explained by carbonate dilution of clay and quartz. The Si vs. Ca graph ( Figure 4a ) shows that these samples plot with high values of Ca, which could be considered to be calcareous. Al vs. Ga (R² = 0.95) and K vs. Rb (R² = 0.94) graphs (Figure 4a ), indicate strong correlation coefficients that could indicate that these elements are likely to be linked to clay minerals, K-feldspars, or micas. The positive trend displayed between Al and Ga suggests that both elements have same mineralogical affinities as they could be associated with clay minerals. In addition, the well-developed relationship between K vs. Rb can be explained by the fact that these elements are linked to K-feldspar, micas and/or clay minerals. Alternatively, Figure 4a shows positive trends with lower correlation coefficient marked by Al vs. K (R² = 0.60), Al vs. Rb (R² = 0.64), Al vs. Cs (R² = 0.68) ( Figures  4a and 4b ). These elements are associated mainly with clay minerals, K-feldspar, and micas. The slightly lower correlation coefficient expressed in the Al vs. K graph could be explained by the fact that K and Al are largely concentrated in clay minerals with K generally associated with illite and/or K-feldspars, and micas. Al is linked generally to Al-bearing clay minerals such as kaolinite. No significant relationship between Al and Mg (R² = 0.08) has been observed that could be explained by the fact that Mg is linked with carbonate minerals such as dolomite ( Figure 4b ). In addition, the lack of stronger correlation coefficient between both elements may be explained by the possibility that some Mg is associated with chlorite and Al with kaolinite. A moderate developed relationship between Mg and Ca (R² = 0.71) is also shown in Figure  4b . This suggests that both elements are associated with carbonate minerals. This moderate correlation could reflect that both elements are mainly concentrated in calcite and dolomite respectively or Mg in high Mg calcite and/or partly linked with clay minerals.
Al and Fe (R² = 0.11) shows a week developed relationship ( Figure 4b ). Such lack of relationship between Fe and Al could be explained by the fact that Fe may be associated with a variety of minerals including chlorite, pyrite Fe-oxyhydroxides and carbonate minerals such as siderite, where Al could be linked with kaolinite. In addition, there are moderate relationships developed also for Al and Sc (R² = 0.50) as well as for K and Sc (R² = 0.16). This infers that Sc contributes probably to the budgets of Al-bearing clay minerals, without any relationship to K-feldspars or micas ( Figure 4b ).
Figure 4c displays very good correlation coefficients developed between Ta, Ti, Nb, and Zr. The binary diagrams Nb vs. Ta (R² = 0.97), Ti vs. Nb (R² = 0.99), Nb vs. Zr (R² = 0.88), Ti vs. Ta (R² = 0.96) and Ta vs. Zr (R² = 0.85), suggest that these elements are associated with rutile, anatase, sphene, and/or opaque heavy minerals such as ilmenite, magnetite, and titanomagnetite and Zr is linked, almost exclusively, with zircons. A strong positive correlation coefficient exists between Zr and Hf (R² = 0.9). This was expected as these two elements are concentrated, almost exclusively, in zircon.
In addition, good relationships between Ta vs. Th (R² = 0.76) and Th vs. Zr (R² = 0.76) are shown in Figure 4d . This could suggest that Th may be associated with some heavy minerals. This may also indicate that some Th is associated with zircon. This positive correlation may indicate grain size trend, since the aforementioned elements are being associated with suits of heavy minerals. Figure 4d also illustrates poorly developed trends between P vs. Y (R² = 0.1), Ce vs. Y (R² = 0.4) and P vs. Ce (R² = 0.16), while a stronger correlation coefficient is present between Y vs. Yb R² = 0.79). The poor coefficient developed between P and Y may be explained by the fact that P could be associated with apatite or monazite (phosphatic heavy minerals), instead of being associated with biogenic phosphate. This interpretation should be taken with caution, as the exact mineralogical affinities of P cannot be determined without the use of additional analysis such as heavy minerals or XRD diffractograms.
The element Ce as the majority of REE, as well as Y, are generally linked with a variety of heavy minerals. Figure 4e shows less significant relationship developed between Ta and U (R² = 0.6), which may suggest that U shares different mineralogical affinities.
Similarly, a poor correlation between Th and Y (R² = 0.21) suggest that the two elements are unlikely to be concentrated in the same minerals ( Figure 4e ). Figure 4e shows U vs. Zr and Ta vs. U binary diagrams. The well-developed correlation may indicate that these elements share a variety of heavy minerals. Figure 4e also shows a poorly developed correlation between Ca and Sr (R² = 0.23). This can indicate that both elements do not share similar mineralogical affinities and may reflect the association of some Sr with carbonate minerals.
In addition, several trends between Ba and Sr are highlighted. Stronger positive trend represents probably association with drilling additives.
Summary of element:mineral links
Element:mineral links can be summarized and integrated with mineralogical, statistical data, and published studies (e.g., Pearce et al., 1999; Ratcliffe et al., 2006; . Tables 1 and 2 summarize the element:mineral affinities. Table 3 shows the DFA confidence of the produced chemozones.
Chemostratigraphy interpretation
Key elemental ratios
Annex tables (Annex 1 to Annex 5) show min, max, and average values of the five study wells provided by chemozones. The proposed chemostratigraphic workflow uses elemental-ratio data to model changes in provenance in order to provide a high-resolution correlation, except (Rb+Cs)/La and Al/(Ca+Mg+K+Na), which are used to recognize weathering and diagenesis. Alternatively, the proposed workflow is based on variations in 13 key elements and 7 key elemental ratios. The key element ratios and their mineralogical characterization are detailed below and summarized in Tables 1 and 2. Variations in Zr/Nb, (Zr*Hf)/(Nb*Ta), (Zr*Hf)/Nb, and Zr/(Nb*Ta) were mainly used in this study (Figures 5a-5c), reflecting changes in provenance and source area. These elements are associated with a variety of heavy mineral suites and are largely indicative of variations in zircon (Fujimaki, 1986) , Ta-and Nb-bearing heavy minerals (i.e., rutile, anatase, sphene, titanomagnetite, magnetite, ilmenite) (McLennan, 1989; Figures. 3a-3b , Table 1 ). These are ultrastable heavy minerals (Pettijohn et al., 1987) and, therefore, are not affected by weathering/ diagenesis.
The binary diagrams confirm these associations (Figures 4a-4e ). Close inspection of the PCA analysis (Figures 3a and 3b) shows that Nb is associated with Ti, Ta, Th, Zr, and Hf (Group 4). In general, Zr and Hf occur in zircon; Ti, Ta and Nb are associated with rutile anatase, sphene ilmenite, titanomagnetite and/ magnetite (Morton and Hallsworth, 1994; Armstrong et al., 2005; Pearce et al., 2005) . Th is generally associated with monazite (Mange and Morton, 2007) , but it could also be concentrated in zircon, apatite, and opaque heavy minerals with variable concentrations.
Consequently, changes in provenance trends show significant variations in Zr/Nb, Zr/Th (Zr*Hf)/(Nb*Ta), (Zr*Hf)/Nb, and Zr/(Nb*Ta) elemental ratios as illustrated in Figures 5a-5c ). Figure 6 shows the signature variation of the key elemental ratios from well to well, from which we can infer that the wells location with respect to the source also needs to be considered. The ratios (Rb+Cs)/La and Al/(Ca+Mg+K+Na) were also used in this study. Figures  3a-3b shows that Rb and Cs plot in the same group, Group 1, which is mainly linked to clay minerals (illite), micas, and K-feldspars (e.g., Riboulleau et al., 2014; ) . It is difficult to provide the exact mineral affinity of La, but this element is known to be concentrated in a set of heavy minerals 
Qal bah Group Figure 5a . Chemostratigraphic correlation proposed for Well-608-1009 and Well-15-252. Geochemical data acquired for sandstone core samples were used to construct this scheme. The correlation scheme is based on the chemical signature provided by the generated chemozones C1, C2, C3 and C4 as well as their related subzones C2-1, C2-2, C2-3 C3-1 and C3-2 in ascending order. Biostratigraphy subzones as well as revised lithology are plotted. Ratcliffe et al., 2010; Soua, 2016) . Consequently, the Al/ (Ca+Mg+K+Na) ratio is used for chemostratigraphic purpose to define weathering surfaces and possible unconformities but not to define chemozones.
Chemostratigraphic analysis
In the present study, a workflow was developed to subdivide sandstone strata into zones and subzones (Figures 5a-5c ), based primarily on changes and variations in the key elemental ratios (Table 2) . Figures 5a-5c show the correlation output based on this workflow. The Si/Al ratio is plotted along with key elemental ratios to model quartz vs. clay minerals. Aluminum is associated with clay minerals including kaolinite. The high concentration of Al can reflect decrease in grain size, while low values can be indicative of increase in grain size. The purpose of plotting the Si/ Al ratio is to constrain the variation in grain size. The correlation panels are shown in Figures 5a-5c .
The cross-plots of Figures 7a-7b summarize the differentiation of zones and subzones recognized in the sandstone dataset.
The values of cut-offs are used to define individual chemozones and subzones within the correlation. These values have been recognized by examining the geochemical profiles and verified by binary diagrams of Figures 7a and 7b (plotted for each well). From the sandstone dataset, a well-defined hierarchical order of zones and subzones was constructed. A chemostratigraphic workflow was not established for the mudrock dataset because of the small number of samples. The chemostratigraphic correlation workflow is discussed in the following sections.
Chemostratigraphic zones
Four chemostratigraphic zones have been identified in this study from the sandstone dataset. These zones are labelled C1, C2, C3, and C4 in ascending stratigraphic order. Zones C1 and C3 have lower Zr/Nb and (Zr*Hf)/ (Nb*Ta) values than in Zones C2 and C4.
The sandstones of zone C1 can be generally differentiated from those of the overlying C2 by their lower Zr/Nb and (Zr*Hf)/(Nb*Ta) values (Figures 5a-5c ). In Well-608-215, this is less clearly defined and only a tentative differentiation between C1 and C2 is possible. Zone C2 is roughly equivalent to lower Tawil Formation. The sandstones of zone C2 have Zr/Nb and (Zr*Hf)/(Nb*Ta) values that are significantly higher than those of C1 and C3 but less pronounced than those of zone C4 ( Figure 6 ).
The differentiation of chemozones is shown in Figures  5a-5c . Figure 6 summarizes the principal characteristics of each chemozone. In addition, the differentiation of zones and subzones are presented in the binary diagrams of Figures 7a and 7b . Beacause of the small number of samples given to both subzones and divisions, these crossplots have only been utilized to differentiate chemozones.
In general, the crossplots enable the characterization of the identified chemozone, and to confirm the placement of the boundaries. Table 3 shows that DFA produces confidence of 86%. This reflects that 89% of the zone C1 samples and 80% of the zone C3 have been correctly placed in the chemozones.
In addition to DFA, binary diagrams are used for the same purpose utilizing Zr/Nb and (Zr*Hf)/(Nb*Ta) ratios (Figures 7a and 7b ). For example, zone C1 is defined by Zr/Nb values of lower than 50 and (Zr*Hf)/(Nb*Ta) values lower than 625 while Zone C2 is characterized by Zr/Nb and (Zr*Hf)/(Nb*Ta) values of higher than 50 and Taw l   100  700  -50  1200  -10  300  -1  6  -0  300  20  70  -0  50  -0  90  -0  3  -C1/C3 C2/C4 C3-1 C3-2 C2-2 Figure 5c . Chemostratigraphic correlation proposed for Well-608-1003 and Well-608-215. Note that C2-1 is probably absent due to the pre-Tawil unconformity, which marks the boundary between the base of the Tawil Formation and underlying older units (Silurian to Late Ordovician, Sharawra, Qusaiba and Sarah formations). This unconformity is attributed to the Acadian tectonic movement (Laboun, 2010) . Figures 7a and 7b show that almost all of the zones produce good levels of confidence with more than 70% of samples plotting in the correct field ( Figure  8) . The histograms show that this holds true for around 95% of the samples assigned to this zone. Similarly, more than 80% of the C3 samples yield Zr/Nb of less than 50 and (Zr*Hf)/(Nb*Ta) values of lower than 625. As a general rule, zonation confidence is considered to be high where more than 70% of the samples are correctly assigned to the correct chemozone (Figures 5a-5c ). Figure 9 summarizes the correlation workflow produced for the five study wells. Figure 10 shows that almost all of the zones produce levels of confidence of greater than 70%. Moderate-high levels of confidence typify the range 60%-70%, while moderate and low levels of confidence are defined by the ranges 50%-60% and below 50%, respectively.
Chemostratigraphic subzones
Chemostratigraphic subzones are recognized in zones C2 and C3 where threefold and twofold subdivisions are proposed respectively. Subzones C2-1 and C2-3 are characterized by higher Zr/(Nb*Ta) ratios than in the intervening subzone C2-2. The C3 subzones, labelled C3-1 and C3-2 in ascending stratigraphic order, are differentiated by the former producing higher (Zr*Hf)/ Nb values. Figure 6 summarizes the principal geochemical characteristics of each subzone. In summary, the differentiation of subzones is shown in Figures 5a-5c and in the cross-plots of Figures 7a and 7b. 
Discussion
Chemostratigraphic correlation
Figures 5a-5c present the detailed chemostratigraphic workflow for the sandstone dataset, summarized in Figure 9 . This diagram shows the chemostratigraphic zonation (zones and subzones) and a comparison with lithostratigraphic subdivisions, palynological zones and established formations (Sharawra, Tawil, and Lower Jauf).
Based on data analysis in the current study, Zone C1 is generally associated with the Sharawra Formation, in Well-15-252, while it is associated with Tawil in wells 608-1009, 608-1003, and 608-215 ( Figure 9 ). Zones C2 and C3 are linked with the Tawil Formation, and Zone C4 broadly defines the Jauf Formation. Chemostratigraphic zonal boundaries do not precisely correspond to biostratigraphical and formational boundaries ( Figures  9 and 10) , indicating probably that the C1-C2 and C3-C4 boundaries are time-transgressive. This suggests that the aforementioned lithostratigraphic units were probably deposited in multiple fluvio-deltaic systems, fed by sediments from the same clastic sources, active at different times (Janjou et al., 1997; Rahmani et al., 2002; Laboun, 2010; Dossary et al., 2017) . This can be supported by the sedimentological interpretation of the same wells, which confirms that the environment of deposition is mostly represented by fluvial distributary channels tidally influenced within an overall deltaic setting (Dossary et al., 2017) .
In general, four chemostratigraphic zones, namely (in ascending order) C1, C2, C3, and C4 are defined for the Silurian-Devonian section (Sharawra, Tawil and Jauf formations) from five wells (Figure 9 ). Additionally, in this study, biostratigraphic (palynology) and lithostratigraphic data have been compiled from Dossary et al. (2017) to allow reliable correlation at regional scale (Figure 9 ). The correlation panels have been produced regionally ( Figures  5 and 9 ). Dossary et al. (2017) discussed that most of the studied samples from the same wells were either barren or yielded sparse spore species characterizing long range.
In Well-15-252, Zone C1 is generally related to the upper Silurian and is separated from the overlying chemozone by the pre-Tawil unconformity, representing a time break (Ludlow to the Wenlock) without a sharp erosive surface in eastern Saudi Arabia (Helal 1965; Bigot 1970; Al-Hajri and Paris, 1998; Al-Ramadan et al., 2004) . Alternatively, Laboun 2010 related this regional uplift event and erosion to the Caledonian orogeny. This implies that similar mechanisms existed in North Africa where a coeval time gap has been described in Ghadames Basin being attributed also to the Caledonian unconformity (Soua, 2014) .
Geologically, the Tawil Formation is characterized by relatively coarse-grained sandstones, being differentiated from the underlying Sharawra Formation, which contains mainly silty sandstones with significant amounts of feldspars and micas (Rahmani et al., 2002) . Dossary et al. (2017) confirmed that with integration of biostratigraphic, chemostratigraphic, and sedimentological data, the Tawil Formation is more siliciclastic and mostly represent fluvial sandstones, in southwest and western area, while toward the north and northeastern more distal facies are located.
In Zone C2, the geochemical change in the Zr/ Nb ratio as well as in Zr*Hf/Nb*Ta, Zr*Hf/Nb and Zr/ Nb*Ta parameters may reflect high zircon/rutile, anatase, sphene, and other heavy mineral ratios. The geochemical and mineralogical changes shown in this zone are in agreement with Cocker et al. (2003) , who differentiated the sandstones of Jauf and Tawil Formations based on the euhedral zircon index (eZi), being concentrated with high values in the latter (around 4 on average). The euhedral zircon index is commonly used as provenance indicator, where high eZi values could be associated with provenance source area being provided from the basement directly rather than from reworked sediments. The major change seen in values range of the Zr/Nb, Zr*Hf/Nb*Ta, Zr*Hf/ Nb, and Zr/Nb*Ta ratios could be linked to the change of the source area (from reworking source to basement for example). In general, Zone C3 is roughly equivalent to the upper part of the Tawil Formation but is not recognized in Well-608-465, where it may not have been penetrated. In all the wells where it is differentiated, it is lithologically variable. The C3:C4 boundary roughly coincides with the probable pre-Jauf unconformity in Well-15-252 ( Figure  5a ). The sandstones of zone C3 have low Zr/Nb values that are similar to those encountered in zone C1 ( Figure  6) , inferring that both zones may have a similar source/ provenance. Interestingly, zone C3 is also characterized by generally higher Al/(Ca+Mg+K+Na) values, which could be interpreted as intensified weathering of the sandstone related to paleosol levels developed within the Tawil Formation.
In Well-608-465 and Well-608-1003, Zone C3 could not be subdivided into subzones (C3-1 and C3-2). Zone C4 is roughly equivalent to the lower part of the Jauf Formation but is not recognized in Well-608-465 and Well-608-1003; most likely because the section was not penetrated. Figure 10 summarizes the lithostratigraphy along with the biostratigraphy of the study wells. According to Dossary et al. (2017) , the oldest palynological biozone identified in the same study wells is associated with Devonian (Lochkovian). Figure 9 shows that, palynologically, two palynosubzones are present including D4B characterizing the upper part of the Tawil Formation, and D4A (Pragianearly Emsian) spanning the Tawil/Jauf boundary ( Figure   9 ). The lower limit of the Tawil Formation is marked by the pre-Tawil unconformity while the upper limit with the Jauf Formation is probably disconformable.
Integration of stratigraphic data
Stratigraphy and dating
Sequence stratigraphy modelled from elemental data
According to Sano et al. (2013) , the ratio Zr/Nb can vary in proportion to grain size. In general, the element Zr is associated with zircon heavy mineral; while Nb is often associated with Nb-bearing heavy minerals but can also be associated with clay minerals, usually likely to be present with illite. Following Figures 3a and 3b Pre-Taw l Unconform ty (PTU) S1 S1B S1C --B ozones S1A Taw l sect on was barren n the study wells. e Taw l Format on extends down to the upper S lur an and ranges from Ludlow (late S lur an) to early Prag an (early Devon an) n age and roughly co nc des w th the S1B -D4A palynolog cal subzones.
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Acad an tecton c movement Figure 10 . Construction of the correlation scheme and relationship with the lithostratigraphy and biostratigraphy. The correlation scheme is based on four chemozones C1, C2, C3 and C4 as well as their related subzones C2-1, C2-2, C2-3 C3-1 and C3-2 in ascending order. Lithostratigraphy and Biozones are plotted.
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Hf, and displays a strong correlation coefficient with these elements, which mark the variation of heavy mineral content of the silty clays (Sano et al., 2013) . Therefore, the Zr/Nb ratio could be used as a good indicator for grain size.
Generally, a transgressive sequence is characterized by a fining upward interval, terminated by a maximum flooding surface (MFS), while a coarsening upward interval defines generally a regressive/prograding sequence, which could represent generally sequence boundaries (SB).
The highest values of Zr/Nb ratio are considered to define the coarsest sediment (which could represent a SB), while the lowest values correspond to an MFS. Figure 11 shows that around the C2-1/C2-2 chemo subzones boundary, Zr/Nb ratio displays an SB limit.
Just above the S1A paly-subzone the interval presents a decreasing Zr/Nb sequence with negative trend that could be interpreted as a separate sequence characterizing fining upward sequence or transgressive sequence. However, the D4A and D3 paly zone/subzone are marked by an Figure 11 . Zr/Nb ratio variation within the generated Chemo zones and related subzones (well-15-252) and its interpretation in terms of sequence stratigraphy. increasing Zr/Nb interval with positive trend in the lower part, which could be interpreted as regressive sequence. This holds true also for the sedimentological interpretation made by Dossary et al. (2017) on the same area of study.
Tawil Formation
Sharawra Fm
Conclusion
In this study, a series of chemozones have been defined in the Tawil Formation, which lies between the upper Sharawra and the lower Jauf formations bounding. The scheme shows considerable potential for high-resolution correlation in the subsurface. The elemental abundances and ratios used to define the chemostratigraphic correlation schemes and chemostratigraphic boundaries in this study include Zr/ Nb, (Zr*Hf)/(Nb*Ta), (Zr*Hf)/Nb, and Zr/(Nb*Ta). They reflect changes in sediment provenance and source area. These variations led to the differentiation of a hierarchical order of four chemozones and five subzones. The key element ratios used for chemostratigraphic purposes were, Zr/Nb, Nb/U, (Rb+Cs)/La, Al/(Ca+Mg+K+Na), (Zr*Hf)/ (Nb*Ta), (Zr*Hf)/Nb, and Zr/(Nb*Ta); the zonal ratio characteristics are:
Zones C1 and C3 are characterized by the lowest values of Zr/Nb and (Zr*Hf)/(Nb*Ta), compared to the intervening Zone C2 and Zone C4.
Of the three C2 subzones, C2-2 produces lower values of Zr/(Nb*Ta) than the underlying C2-1 and overlying C2-3 subzones. Subzones C2-1, C2-2 and C2-3 have been recognized in Wells 15-252 and 608-215, with subzone C2-1 is being absent in the latter well.
Two subzones are associated with Zone C3 (C3-1 and C3-2), their differentiation is based on variation in the (Zr*Hf)/Nb ratio. Subzones C3-1 and C3-2 have been recognized in Wells 15-252, 608-1009, and 608-215. Definition of these subzones are based on the elements Zr, Hf, Nb, and Ta. In general, Zr and Hf are concentrated in zircon; Nb and Ta are associated with Nb-bearing and Tabearing heavy minerals, respectively. This ratio is entirely related to changes in provenance/source area.
The stratigraphic subzones identified from this chemostratigraphic study show, in some wells, good agreement with the recognized lithostratigraphic and biostratigraphic schemes, but this is not always the case. Zone C1 is generally associated with the Sharawra Formation, Zones C2 and C3, with the Tawil Formation, and Zone C4 broadly defines the Jauf Formation. Therefore, the chemostratigraphic zonal boundaries do not precisely correspond to biostratigraphical and formational boundaries, indicating that the C1-C2 and C3-C4 boundaries are probably time-transgressive. For example in Well-608-1009, Zone C1 defines most of the Tawil Formation, while in Well-608-465 Zone C2 is likely to be associated with both the upper part of the Sharawra and the Tawil formations. This suggests that the aforementioned lithostratigraphic units were probably deposited in multiple fluvio-deltaic systems, fed by sediments from the same clastic sources, active at different periods of time. This is in accordance with the published sedimentological interpretation conducted on the same wells, which confirms that the environment of deposition is mostly represented by fluvial distributary channels tidally influenced within an overall deltaic setting.
In order to model sequence stratigraphy, Zr/Nb ratio was used. It is considered as a proxy for grain size. Generally, Zr is associated with zircon heavy mineral and Nb is concentrated with Nb-bearing heavy minerals and clay minerals such as illite. The increasing Zr/Nb ratio values are considered to define the coarsening upward or regressive sequences while decreasing Zr/Nb trends can mark fining upward or transgressive sequences. These results comply very well with those of the previous studies. Annex 1.1 -Major oxides (%), trace elements and rare earth elements (REE) concentrations (ppm) of well 15_252. Data is provided for min, max, and average values of each identified chemozones (C1 to C4). LREE: light rare earth elements; MREE: middle rare earth elements, and HREE: heavy rare earth elements. 
